2 has generated interest recently. Here, we engineered Synechocystis sp. PCC 6803 to produce lactic acid using a lactate dehydrogenase (ldh) gene from various lactic acid-producing bacteria, Lactococcus lactis (ldhB and ldhX), Lactobacillus plantarum (ldhL and ldh), and Lactobacillus rhamnosus (ldhL). The lactic acid was secreted outside the cell using a transporter (lldp) gene from L. plantarum. Expression of each ldh in Synechocystis sp. PCC6803 was ascertained by reversetranscriptase polymerase chain reaction. Five transformants led to the production of L-lactic acid. Coexpression of lldp with ldhB from L. plantarum or ldhL from L. rhamnosus led to the secretion of lactic acid into the medium at concentration of 0:17 AE 0:02 or 0:14 AE 0:02 mM after 18 d of cultivation.
Metabolic pathway engineering of cyanobacteria for the production of industrially important chemicals from atmospheric CO 2 has generated interest recently. Here, we engineered Synechocystis sp. PCC 6803 to produce lactic acid using a lactate dehydrogenase (ldh) gene from various lactic acid-producing bacteria, Lactococcus lactis (ldhB and ldhX), Lactobacillus plantarum (ldhL and ldh), and Lactobacillus rhamnosus (ldhL). The lactic acid was secreted outside the cell using a transporter (lldp) gene from L. plantarum. Expression of each ldh in Synechocystis sp. PCC6803 was ascertained by reversetranscriptase polymerase chain reaction. Five transformants led to the production of L-lactic acid. Coexpression of lldp with ldhB from L. plantarum or ldhL from L. rhamnosus led to the secretion of lactic acid into the medium at concentration of 0:17 AE 0:02 or 0:14 AE 0:02 mM after 18 d of cultivation. Key words: cyanobacteria; lactic acid; genetic engineering; lactate dehydrogenase; Synechocystis sp.
Increases in atmospheric CO 2 and global warming have created interest in transforming CO 2 into highvalue products using photosynthetic microorganisms. 1, 2) Cyanobacteria are useful microorganisms, because they can convert sunlight and atmospheric CO 2 into carbonbased compounds, grow in water with minimal salts and minerals, and feature transformability for genetic engineering. 2, 3) Using cyanobacteria, various energy sources, including ethanol, fatty acids, and isobutanol, have been produced. [3] [4] [5] [6] Synechocystis sp. PCC 6803, used in this study, was the first cyanobacterium the genome of which was sequenced. 7) Lactic acid is a highly useful chemical used in the food, textile, pharmaceutical, and chemical industries. 8, 9) We metabolically engineered Synechocystic sp. PCC 6803 in this study for the production of lactic acid. Many lactic acid bacteria are naturally optimal lactic acid producers, 10) but, the expression of lactate dehydrogenase (ldh) genes from lactic acid bacteria in Synechocystis sp. PCC 6803 has not been carried out, although the expression of ldh genes from Bacillus subtilis and Escherichia coli has been investigated. 11, 12) L-Lactic acid is produced by species such as Lactobacillus rhamnosus, Lactococcus lactis, and Lactobacillus plantarum through the conversion of pyruvate. 13, 14) In addition, lactic acid bacteria produce lactic acid at high yield and high productivity. 15) Here we investigated lactic acid production by five transformants of Synechocystis PCC 6803 in which ldh genes specific for L-lactic acid production from various lactic acid bacteria (L. lactis, L. plantarum, and L. rhamnosus) were inserted. In addition, a lactate transporter gene (lldp) from L. plantarum was expressed with the ldh genes in order to bring about the secretion lactic acid across the cell membrane.
Materials and Methods
Strains and growth conditions. A glucose tolerant strain of Synechocystis sp. PCC 6803 was obtained from Professor Masahiko Ikeuchi of the University of Tokyo. Synechocystis sp. PCC 6803 was cultured in BG-11 medium 16) at 30 C (pH 7.0) under continuous light illumination of approximately 50 mmol photons m À2 s À1 . L. lactis IL1403 with ldhB and ldhX; L. plantarum NCIMB8826 with ldhL, ldh, and lldp; and L. rhamnosus GG ATCC53103 with ldhL were grown in MRS medium (Difco Laboratories, Detroit, MI) with continuous shaking at 150 rpm at 37 C. Cloning and transformation. ldh genes that produce L-lactic acid were isolated from the above lactic acid bacteria using the primers listed in Table 1 . The primers were designed with NdeI restriction sites on both ends. pTCP2031V vector (the kind gift of Professor Ikeuchi), which shows chloramphenicol resistance and has a psbA2 promoter, was used in cloning. The ldh genes were ligated into the NdeI restriction sites of pTCP2031V using an In-Fusion Cloning Kit (Clonetech, Takara Bio, Shiga, Japan). Five clones of the plasmid harboring each ldh gene were used to transform Synechocystis sp. PCC 6803 by homologous recombination 17, 18) to obtain five transformants (PCC 6803/L.laldhB, PCC 6803/L.laldhX, PCC 6803/L.plldhL, PCC 6803/L.plldh, and PCC 6803/L.rhldhL). Positive clones were selected based on PCR analysis. The five transformants were grown on modified BG11 solid medium containing 34 mg L À1 the chloramphenicol. 3 weeks later, wild-type and transformants were grown in 200-mL flasks with 75 mL of BG-11 medium at 30 C under continuous light illumination of 50 mmol photons m À2 s À1 with shaking at 100 rpm. Growth of the 5 transformants and wild-type were monitored turbidimetrically by measuring the optical density at 750 nm (OD 750 ) at 0, 3, 6, 9, and 12 d. The specific growth rate () was calculated from the slope of OD 750 from 6 to 12 d versus time, as follows:
The lldp gene from L. plantarum was isolated using the primers listed in Table 1 , and was cloned using the In-Fusion Cloning Kit into pTSP2001 vector (the kind gift of Professor Takeshi Osanai), which shows spectinomycin resistance and has a psbA2 promoter. This plasmid was further inserted with five ldh genes (PCC 6803/L.laldhB, PCC 6803/L.laldhX, PCC 6803/L.plldhL, PCC 6803/L.plldh, and PCC 6803/L.rhldhL) to create the five corresponding transformants. Positive clones were selected by PCR and grown in BG-11 medium with 34 mg L À1 the chloramphenicol and 100 mg L À1 the spectinomycin. Other growth conditions were the same as those for the original five transformants. Growth of two transformants (PCC 6803/L.laldhB/ lldp and PCC 6803/L.rhldhL/lldp) was observed, and OD 750 was monitored at 0, 3, 6, 9, 12, 15, and 18 d. was calculated as described above.
Transcriptional analysis of ldh genes. To test the expression of the ldh genes in the five transformants (PCC 6803/L.laldhB, PCC 6803/ L.laldhX, PCC 6803/L.plldhL, PCC 6803/L.plldh, and PCC 6803/ L.rhldhL), RNA from each sample was isolated using a Nucleospin RNAII kit (Macherry-Nagel, Düren, Germany). One mg of RNA was used for cDNA synthesis using a ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan). The primers listed in Table 1 HPLC analysis. The concentrations of lactic acid within the first five transformants (PCC 6803/L.laldhB, PCC 6803/L.laldhX, PCC 6803/L.plldhL, PCC 6803/L.plldh, and PCC 6803/L.rhldhL) and in the supernatants of the two lldp transformants (PCC 6803/L.laldhB/ lldp and PCC 6803/L.rhldhL/lldp) were determined by HPLC (Shimadzu, Kyoto, Japan) with a reflective index detector (RID-10A; Shimadzu) equipped with a BioRad Aminex 87H column (Bio-Rad Laboratories, Hercules, CA) using 5 mM H 2 SO 4 as the mobile phase at a flow rate of 0.6 mL min À1 . The oven temperature was maintained at 65 C.
To determine the lactic acid concentrations within the five transformants, 20 mg dry weight (DW) of cells was collected by centrifugation and washed with 20 mM ammonium carbonate buffer. Then cells were disrupted by vortexing with glass beads (diameter 100 mm) in 30% ethanol and, sonicated for 10 min. Cells were pelleted by centrifugation at 10,000 rpm for 5 min at 4 C, and the supernatant was collected for HPLC analysis.
Separation of D-and L-lactic acid with a chiral column.
To determine the chiral purity of lactic acid, HPLC (Shimadzu) with a UV detector (SPD-20A; Shimadzu) equipped with TSK gel Enantio L1 (Tosho, Tokyo) using 1 mM CuSO 4 as the mobile phase at a flow rate of 1 mL min À1 was utilized at an oven temperature of 25 C. Samples were prepared in the same manner as in determining the lactate concentration in the cell.
Lactate dehydrogenase assay. For lactate dehydrogenase assay, five transformants (PCC 6803/L.laldhB, PCC 6803/L.laldhX, PCC 6803/ L.plldhL, PCC 6803/L.plldh, and PCC 6803/L.rhldhL) were grown for 12 d, and 50 mg of cells was collected by centrifugation. A lactate dehydrogenase kit (BioVision, San Francisco, CA) was used for analysis. Samples were prepared based on the manufacturer's protocol. Lactate dehydrogenase enzyme activity was determined using a plate reader (2104 EnVision; PerkinElmer, Waltham, MA) at an absorbance of 450 nm. 
Results and Discussion

Growth analysis of the five transformants and wild type
To check the effect of expressing the ldh genes on the growth of Synechocystis sp. PCC 6803, five transformants (PCC 6803/L.laldhB, PCC 6803/L.laldhX, PCC 6803/L.plldhL, PCC 6803/L.plldh, and PCC 6803/ L.rhldhL) were allowed to grow for 12 d. Figure 1 shows the growth of all the transformants harboring ldh genes and the wild-type strain. Linear growth was found in all samples. Calculations for (0:03 AE 0:00, 0:04 AE 0:00, 0:04 AE 0:00, and 0:04 AE 0:00 h À1 respectively) of four transformants, PCC 6803/L.laldhB, PCC 6803/ L.laldhX, PCC 6803/L.plldh, and PCC 6803/L.rhldhL, were similar to that of the wild-type (0:03 AE 0:00 h À1 ), but, the growth rate was slow in transformant PCC 6803/L.plldhL ( ¼ 0:01 AE 0:00 h À1 ). Based on these data, we concluded that insertion of four of the five ldh genes we studied here, ldhL from L. plantarum as the exception, did not have much influence on the growth rate.
ldh expression and lactic acid production in the five transformants RT-PCR was employed to test whether the ldh genes, under the control of the psbA2 promoter, were transcribed in Synechocystis sp. PCC 6803. RT-PCR analysis showed that all the ldh genes were indeed expressed (Fig. 2) . The ldh amplification products (about 950-1000 bp) were visualized on agarose gels, demonstrating the presence of ldh mRNA in these five transformants, whereas the wild-type strain did not produce any amplification, as it has no ldh gene. Sequence analysis of the reverse transcribed PCR products confirmed the transformation of the ldh genes in proper orientation (data not shown). The rnpB gene (a housekeeping gene) was expressed in the five transformants and wild-type. After 12 d of cultivation of the five transformants (PCC 6803/L.laldhB, PCC 6803/L.laldhX, PCC 6803/ L.plldhL, PCC 6803/L.plldh, and PCC 6803/L.rhldhL), higher lactate dehydrogenase activities than detected in the wild type were confirmed ( Table 2) .
To determine whether the expressed ldh genes were metabolically competent to produce lactic acid within the five transformants, metabolites from the cell pellets were measured by HPLC. Table 3 shows, Synechocystis sp. PCC 6803 engineered with various ldh genes produced lactic acid at about 0.03 to 0.04 mM. No detectable amounts of lactic acid were found in the media using the wild-type.
Separation of D-and L-lactic acid using a chiral column
Lactic acid exists in two optically active stereoisomers, the L(þ) and D(À) forms. Figure 3 shows chromatograms of the lactic acid produced in transformant PCC 6803/L.laldhB. L-Lactic acid production was confirmed by co-chromatography ( Fig. 3B ), in which a mixture of lactic acid from the transformant PCC 6803/L.laldhB and 10 mg L À1 of standard L-lactic acid produced a single peak. In addition, L-lactic acid production was ascertained from the remaining four transformants (data not shown).
Secretion of lactic acid from engineered Synechocystis
All five transforming plasmids (PCC 6803/L.laldhB, PCC 6803/L.laldhX, PCC 6803/L.plldhL, PCC 6803/ L.plldh, and PCC 6803/L.rhldhL) were cloned with the lldp gene for the secretion of lactic acid. Insertion of the lldp gene into PCC 6803/L.laldhB and PCC 6803/ L.rhldhL showed good growth (referred to as PCC 6803/L.laldhB/lldp and PCC 6803/L.rhldhL/lldp respectively) (Fig. 4) . However, insertion of the lldp gene into PCC 6803/L.laldhX, PCC 6803/L.plldhL and PCC 6803/L.plldh showed no growth. The calculated values for PCC6803/L.laldhB/lldp and PCC 6803/ L.rhldhL/lldp were 0:05 AE 0:00 and 0:06 AE 0:00 h À1 , respectively, which were higher than the values of PCC 6803/L.laldhB and PCC 6803/L.rhldhL (0:03 AE 0:00 and 0:04 AE 0:00 h À1 respectively). The reason for the faster growth of engineered Synechocystis sp. PCC 6803 with lldp is unclear; but, secretion of the lactic acid produced in the cell might encourage growth. Insertion of the lldp gene into these transformants led to an increase in lactic acid in the supernatant, in accordance 2 One unit was defined as the amount of enzyme that generates 1.0 mmol NADH per min at 37 C (mU mL À1 ¼ nmol min À1 mL À1 ). with a previous study. 12) The lactic acid concentrations in the supernatant after 12 d cultivation were 0:05 AE 0:00 and 0:06 AE 0:01 mM, similar to the lactic acid concentrations in the cells lacking the lldp gene (0.03-0.04 mM). Prolonged cultivation (18 d) of PCC 6803/ L.laldhB/lldp and PCC 6803/L.rhldhL/lldp increased the lactic acid concentrations in the supernatant, to 0:17 AE 0:02 and 0:14 AE 0:02 mM respectively. Lactic acid productivity was found to be 0.0034 mmol lactate/ gDW/h. However, this value was lower than that in a previous report using coexpression of the ldh gene from B. subtilis and a transhydrogenase in which the productivity was found to be 0.0178 mmol lactate/gDW/h. 11) The final pH with PCC 6803/L.laldhB/lldp and PCC 6803/L.rhldhL/lldp (18 d) increased from 7.5 to 8.3 and 8.4 respectively. Thus, Synechocystis PCC 6803 can serve as a valuable host for the production of lactic acid or other acidic chemicals from CO 2 , because it increases the pH of the medium during cultivation. These results confirm that co-expression of genes from lactic acid bacteria with a transporter gene can be utilized in Synechocystis sp. PCC 6803 in the production of lactic acid without the addition of the carbon source. In addition, coexpression of a ldh gene and the transhydrogenase gene should be useful for increasing the cellular NADH/NAD þ ratio so that NADH-dependent ldh benefits. 11) Such an improvement is being studied in our laboratory.
In conclusion, the current study augments knowledge as to how to produce L-lactic acid and subsequently create polylactic acid polymers from CO 2 , using Synechocystis sp. PCC 6803. of Tokyo) for providing us wild-type strain (GT)
